This study proposes a mixed integer linear programming (MILP) model to optimize the spillways scheduling for reservoir flood control. Unlike the conventional reservoir operation model, the proposed MILP model specifies the spillways status (including the number of spillways to be open and the degree of the spillway opened) instead of reservoir release, since the release is actually controlled by using the spillway. The piecewise linear approximation is used to formulate the relationship between the reservoir storage and water release for a spillway, which should be open/closed with a status depicted by a binary variable. The control order and symmetry rules of spillways are described and incorporated into the constraints for meeting the practical demand. Thus, a MILP model is set up to minimize the maximum reservoir storage. The General Algebraic Modeling System (GAMS) and IBM ILOG CPLEX Optimization Studio (CPLEX) software are used to find the optimal solution for the proposed MILP model. The China's Three Gorges Reservoir, whose spillways are of five types with the total number of 80, is selected as the case study. It is shown that the proposed model decreases the flood risk compared with the conventional operation and makes the operation more practical by specifying the spillways status directly.
Introduction
Flood disasters, accounting for about one-third of all natural catastrophes throughout the world, have been extremely severe in recent decades [1] . For example, flood disasters have caused the loss of 30 billion dollars per year in China [1] [2] [3] . As a result, reservoirs have been built and served for one of the most useful measurements for flood control.
Reservoir operations are complex, nonlinear control processes and significantly affected by hydrological conditions and constraints, which are not predictable beforehand [4, 5] . Great effort has been made to determine the optimal scheduling of the reservoirs with various methods and techniques, including linear programming, nonlinear programming, dynamic programming, and genetic algorithm . Karaboga et al. [6] proposed a control method to derive reservoir operating rules based on the fuzzy logic with optimum rule number and tabu search. Wei and Hsu [7] presented the tree-based rules which were used to determine the optimal real-time releases for a multipurpose multireservoir system during flood periods. Bagis and Karaboga [8] developed an evolutionary algorithm-based fuzzy proportional derivative-type controller for reservoir operation. Chang [9] proposed a penalty-type genetic algorithm to find a rational reservoir release hydrograph for flood control. Li et al. [10] developed a dynamic control operation model that considers inflow uncertainty. Fu [11] presented a fuzzy optimization method based on the concept of ideal and anti-ideal solutions. Hashemi et al. [12] presented a multiple attribute group decision-making model based on the compromise ratio method. Karbowski et al. [13] presented a hybrid analytic/rule-based approach to reservoir system management during flood seasons. Liu et al. [28] proposed three methods to derive the multiple near-optimal solutions to deterministic reservoir operation problems.
Based on the above methods and techniques, the reservoir water release hydrograph can be obtained. However, the reservoir operation is a control process that essentially manages the spillway gates of dams to increase or decrease the released water [29] . In practice, two basic issues associated with spillway gates should be determined: (1) the number of various spillways to be open or used and (2) the degree of the spillway opened (full or scale open). Most of the solutions proposed so far address the release scheduling problem leaving the allocation problem as a secondary one, performed by trial and error methods. This study deals with the spillways scheduling, instead of release scheduling, for the flood control reservoir, which has seldom been addressed in the literature. The most popular reservoir operation method, dynamic programming, becomes difficulty for this specified issue, owing to the large number of discrete states (say reservoir storage) and heavy computation for accuracy.
The mixed integer linear programming (MILP) model ensures a global optimal solution, which hence is widely used in optimization fields [14-18, 30, 31] . For example, Needham et al. [14] presented a MILP model for a reservoir system analysis of three projects on the Iowa and Des Moines rivers. Norouzi et al. [15] proposed a MILP model for short term unit commitment for hydro and thermal generation units with security-constrained commitment. Liu et al. [17] used a MILP model for the optimal load distribution, which reaches the global optimum, to validate the proposed algorithm in a hydropower station. Ashouri et al. [30] developed a MILP model to obtain the optimal design and operation of building services. Luathep et al. [31] proposed a MILP model for solving a mixed transportation network design problem.
This study aims at developing a MILP model to operate reservoir by scheduling spillways. In Section 2, the MILP model is set up with (1) transforming the objective function into a linear form and (2) formulating the constraints of potential maximum water release as a piecewise linear function. Section 3 describes a case study application to China's Three Gorges Reservoir (TGR), where the optimal scheduling is compared with the conventional scheduling method. Finally, conclusions are given in Section 4.
Mathematical Model

Reservoir Flood Control
Model. The commonly used reservoir flood control model is as follows (e.g., [4, 5] 
where is the reservoir water storage at time and is the number of time periods.
Constraints
(1) Reservoir water balance equation:
where and are the reservoir inflow and release at time , respectively. Δ is the time step length. It should be noted that the water losses from the reservoir in the form of seepage and evaporation are omitted in this study.
(2) Water storage capacity constraint:
where and denote the minimum and maximum reservoir storages, respectively.
(3) Reservoir potential maximum water release constraint:
where (⋅) is the functional relationship between the reservoir storage and potential maximum water release.
(4) Water release constraint for the downstream safety:
where down max , often a constant, is the water release for the downstream safety.
Linearization.
The objective function and all the constraints should be in a linear form for a MILP model. However, the objective function (1) and potential maximum water release constraint (4) are unsatisfied with this assumption. Consequently, transformations have been proposed as follows.
Objective Function. A new variable
is introduced to represent the maximum value of ; that is, = max( 1 , 2 , . . . , , . . . , ). Then the objective function can be transferred as follows: min (6) with an additional constraint:
Potential Maximum Water Release Constraint.
Recalling (4), the potential maximum water release depends on the functional relationship (⋅) and the current water storage, while the relationship is determined based on all spillways (including turbines). Since the reservoir release is the sum of all spillways, we have
where , , namely, ( , ), is the release for spillway , which can be described with the reservoir storage and [14] [15] [16] [17] , which is very common for the interpolation of the relationship between reservoir storage and water release. As shown in Figure 1 , for a specific spillway with the status , , the water release , is a function of the reservoir storage , and this relationship is often nonlinear. Assuming that the nonlinear function is approximated with breakpoints ( Figure 1 ), the water release can be expressed as a piecewise linear function as follows:
where , , is the weight of breakpoint for the spillway with status , at time and , , is the binary variable to ensure at most two adjacent breakpoints are greater than zero.
, and , are the reservoir storage and water release for breakpoint of spillway with status , .
Equation (11) implies that only one of the binary variables , , is equal to one, and (12) ensures that two adjacent , , can be nonzero, which makes a linear interpolation between these two breakpoints. Equations (13) and (14) are the linear combinations of the reservoir storage and water release, respectively. Therefore, (10) to (14) transfer the nonlinear relationship between water release and reservoir storage into a piecewise linear function. (2) Water Release for Individual Spillway. Based upon the above piecewise linear relationship, the water release of each individual spillway can be expressed as follows:
, ≤ , max ,
where , is the binary variable to describe the status of spillway at time ; that is, zero means that the spillway is not used with status , ; otherwise this spillway opens with status , . Equations (15) to (18) form an if-then statement; that is, , = 1 means , = , and , = 0 means , = 0. Equation (19) ensures that only one status could be used, including the zero for closed status. Therefore, the binary variable , can be used to indicate the status of the spillway. (1) Symmetry rules: it is very popular for the spillways to open/close symmetrically, which ensures the safety of dam. For example, the spillways 1 and 2 should be open/closed at the same time, and this rule can be described as follows: (2) Control order: if the spillways 1 should be used prior to both of 2 and 3 ; this rule can be described as follows:
where is a large positive value. Equation (4) is then reformulated with linear equations from (8) to (21) for the consideration of the spillway rules. Table 1 .
Case Study
Note that the paired deep outlets are denoted as the codes number from 2 to 12, for the consideration of symmetry. For example, code 2 denotes the symmetric deep outlets, 1 and 23. Similarly, the codes from 23 to 33 denote the symmetry paired surface outlets.
The spillways must be fully open or closed for the safety and life span of facilities. Two kinds of spillway constraints should be taken into consideration when scheduling the reservoir system: (1) the potential maximum release for each individual spillway corresponding to specific reservoir storage and (2) the control order of the spillways. relationships between reservoir storage and water release are given in Table 2 .
(2) Control Order of Spillways. The spillways should be operated with a specific order, which are described as follows.
(1) The spillways should be opened in the following order: turbines; deep outlets; floats outlets; desilting outlets; surface outlets. The spillways should be closed in the reversed order. 6) Desilting outlets 2 to 6 should be opened earlier and the desilting outlets 1 and 7 can be followed.
The Conventional Operation.
Based on the conventional operating rules, the reservoir water release should be kept below 56700 m 3 /s. That is, the reservoir release is equal to the inflow when the water level is lower than 145 m and the inflow is less than 56700 m 3 /s; otherwise the water release is equal to 56700 m 3 /s. When the water level is higher than the maximum flood level (175 m), the water release is equal to the potential maximum water release for the consideration of dam safety. It should be noted that the conventional operating rules are the optimal solution for the model that consists of (1) to (5). However, this release should be specified to the spillway to satisfy their operation constraints. The allocation is performed by trial and error method and the result is shown in Figure 3 . The maximum reservoir storage is 22.09 billion m 3 .
Optimal Operation
MILP Model.
Since there are five types of spillways, including turbines, deep outlets, floats outlets, desilting outlets, and surface outlets, for the TGR. With the assistance of the binary variables, the water release of each individual spillway can be formulated in piecewise linear relationship between reservoir storage and water release in Section 2.
With the objective function of (6) and the spillways constraints, the MILP model has been set up for the TGR finally (see Appendix). In the model, max and are set as 100000 m 3 /s and 100, respectively, and they are proper for the TGR case.
MILP Solver.
The MILP model is resolved by using IBM ILOG CPLEX Optimization Studio (CPLEX) [32] , with the interface of the General Algebraic Modeling System (GAMS) [33] . The GAMS is specifically designed for modeling linear, nonlinear, and mixed integer optimization problems. CPLEX is an optimization software package, solving integer programming, linear programming, convex, and nonconvex quadratic programming and so on problems. The CPLEX is accessible through GAMS in this study.
Results of Optimal Scheduling.
The optimal scheduling has been found by using the CPLEX solving the MILP model. Table 3 lists the results of the optimal scheduling of 20-year flood. As shown in Table 3 , the numbers of spillways of different types opened in different time intervals have already been determined. Furthermore, the status of each individual spillway can also been determined. Since all the turbines are opened and all the floats outlets, desilting outlets, and surface outlets are closed during the whole process of the flood, the descriptions of the statuses of the turbines, floats outlets, desilting outlets, and surface outlets are relatively meaningless. The optimal status of the deep outlets is listed in Table 4 .
As shown in the Table 4 , the filled circle implies that the deep outlet is open and the empty circle implies that the deep outlet is closed. It demonstrates the whole process of scheduling of the 20-year flood.
As shown in Figure 3 , the optimal scheduling is compared with the conventional method. With the comparison of the results of 20-year flood, the following findings can be observed.
(1) The maximum reservoir storage, 21.95 billion m 3 in the optimal scheduling, is lower than that in the conventional scheduling 22.09 billion m 3 , indicating that the optimization is effective. The proposed MILP model provides more available reservoir storage for potential floods. Indeed, it is able to find the global optimum.
(2) The maximum water releases of the optimal and conventional method are 56669 m 3 /s and 56517 m 3 /s, respectively. These releases are feasible for the downstream safety. Since the optimal operation prereleases more water before the flood peak occurs, it outperforms the conventional operation.
(3) Compared with the conventional method, the proposed model specifies the spillways status directly without the allocation using trial and error methods, making the operation more objective. The spillway gates can be easily operated according to the optimal results (Table 4 ).
Conclusion
This paper proposes a MILP model to determine the optimal reservoir spillways scheduling. The piecewise linear approximation is used to formulate the relationship between the reservoir storage and water releases for spillways. The control order and symmetry rules of the spillways are described and incorporated into the constraints. Conclusions can be drawn as follows.
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(1) The optimal scheduling obtained with the MILP model is better than the conventional scheduling in terms of objective function.
(2) The optimal scheduling is more advantageous than the conventional scheduling in that the spillways status can be specified directly from the MILP model without water release allocation based on trial and error methods and that the global optimum is ensured.
However, the MILP model is time consuming and the extension of multireservoir systems operation needs further research.
Appendix
TGR MILP Model
Objective function is as follows: (A.
2)
The parameters used above are as follows:
: the minimum reservoir storage;
: the maximum reservoir storage; 
